23 N-terminal acetyltransferases (NATs) are enzymes catalysing the transfer of the acetyl from Ac-CoA to the 24 N-terminus of proteins, one of the most common protein modifications. Unlike NATs, lysine 25 acetyltransferases (KATs) transfer an acetyl onto the amine group of internal lysines. To date, not much is 26 known on the exclusive substrate specificity of NATs towards protein N-termini. All the NATs and some 27 KATs share a common fold called GNAT. The main difference between NATs and KATs is an extra 28 hairpin loop found only in NATs called β6β7 loop. It covers the active site as a lid. The hypothesized role of 29 the loop is that of a barrier restricting the access to the catalytic site and preventing acetylation of internal 30 lysines. We investigated the dynamics-function relationships of all available structures of NATs covering 31 the three domains of life. Using elastic network models and normal mode analysis, we found a common 32 dynamics pattern conserved through the GNAT fold; a rigid V-shaped groove, formed by the β4 and β5 33 strands and three relatively more dynamic loops α1α2, β3β4 and β6β7. We identified two independent 34 dynamical domains in the GNAT fold, which is split at the β5 strand. We characterized the β6β7 hairpin 35 loop slow dynamics and show that its movements are able to significantly widen the mouth of the ligand 36 binding site thereby influencing its size and shape. Taken together our results show that NATs may have 37 access to a broader ligand specificity range than anticipated.
Introduction
119 selected for the Naa60 group as they have different topologies (5hh0 contains one extra helix at the C-terminus). PDB 120 IDs written in light grey are available structures that are not included in our dataset due to poor quality (see Methods).
121 One chain was selected for the calculations. For information on the dataset preparation the reader is referred to the 122 experimental procedures.
123
124 (1) The NATs' functional diversity builds upon the GNAT fold and is fine-tuned by accessory 125 structural elements
126
We aligned all structures in the dataset using the multiple structure alignment tool 127 MUSTANG [51] (see Experimental procedures). The structure of Naa50 (PDB ID: 3TFY) was used as 128 reference. The alignment led to 119 C-alpha atoms' positions conserved ( Fig. 2A) . While sequence 129 similarity between pairs of NATs is relatively low (23% identity on average), the secondary structure 130 elements of the GNAT fold align well (Fig. 2B ). The region between the end of strand β4 and helix α4 is the 236 3TFY) shows the correlation patterns found in all maps (shown in Supporting Information Figure S3 ). 254 and 4KVM) the mobility of β4α3 and of the N-terminal end of helix α4 increases. Further, removing the 255 bisubstrate from 4kvm also influences the fluctuations of loop β6β7 since it lies close to it. Generally, 256 fluctuations are affected locally (i.e. at the Ac-CoA and ligand-binding sites) but not to a significant extent 257 compared to the differences observed between NATs (Fig. 5A ).
258
259 The V-shaped β-strands characteristic of the GNAT fold form a rigid core of the enzyme, while loops 260 surrounding the binding site are mobile. The normalized fluctuations are plotted on Fig. 5A . We observe 261 that the β-strands are the most rigid elements in all structures with β4 and β5 strands having the lowest Dynamics-function relationship of NATs 12 262 fluctuations. Interestingly these two strands carry most of the catalytic amino acids (Fig. 2B ) and our 263 observation matches earlier reports of catalytic residues being positioned at particularly rigid points in 264 protein structures [32, 33, [57] [58] [59] . Furthermore, β4 and β5 are not assembling into a sheet along their whole 265 length despite their proximity. Instead they form a "V shape" splitting the seven-stranded beta-sheet and 266 creating a crevice where Ac-CoA and peptide substrate meet (Fig. 1) .
267
In the region of the helices α1 and α2, we notice a similar pattern of flexibility between all the 268 structures where the loop α1α2 and the helix α2 fluctuate more. 303 Furthermore Naa40 has an extra N-terminal helix α0, the movements of which are correlated with strands 304 β3 and β4 as well as with loop α3β5 (Fig. 6 ). On the contrary Naa80 has a shorter α1-α2 loop as well as a 305 different orientation of its β6β7 loop. 
323
Further, we calculated how the surface area changes when the structure is modified following the 324 individual lowest energy normal modes (see Experimental procedures). A reconstitution of the protein side 325 chains from our C-alpha model was necessary to calculate the surface area of the mouth of the tunnel using
CAVER Analyst [65] (see Experimental procedures).
To this goal we first defined a static clipping plane 327 using three residues (Tyr31, 73 and 138) lining the entrance (see Experimental procedures). We generated a 328 trajectory along the first six lowest-frequency normal modes and held this static clipping plane for each 329 frame of the trajectory. Note that the orientation of the clipping plane was extracted from the conformation 330 of the X-ray structure and the same orientation was used in each frame. We then calculated the value of the 331 surface area throughout the trajectory. We also calculated the surface area at a clipping plane 2Å away from 332 the mouth, where the second and third residues of the substrate sit, in order to verify that no amino acid 333 closes the access upwards of the active site.
334
The lowest energy modes show concerted motions of the three loops β3β4, β6β7 and α1α2. They 335 surround the active site and their movements modify the shape of its mouth and its surface area (Fig. 7) .
336 However, the motions of each loop seem to have a different effect on the surface area. As illustrated in 364 forms a tunnel together with the α1-α2 region (except in Naa80). The loop seems to enable the entrance of 365 only N-terminal amino acids (Fig. 1C) . However, it remains unclear how substrates are able to enter through 366 the tight mouth of the tunnel. Furthermore the path through which bisubstrate inhibitors bind remains 367 uncertain. Using ENM-NMA we have compared the intrinsic dynamics of the GNAT fold in all available 368 structures of NATs covering all domains of Life. We have shown that i) there is a dynamic pattern in the 369 fold common to all NATs, ii) the β6β7 loop is highly mobile and iii) intrinsic dynamics of the loop regulates 370 the accessibility of the binding site.
371
We identified a common pattern in the intrinsic dynamics of the GNAT fold, where the β-sheet core is 372 more rigid than the rest of the structure. The two strands, β4 and β5, are the least flexible elements of the β-373 sheets. Interestingly, the β4 and β5 strands carry residues involved in the proton wire essential for the 374 transfer of the acetyl. The rigidity of the catalytic core in the GNAT fold is in agreement with case-studies 375 of enzyme dynamics where residues involved in catalysis are found to be placed at rigid conserved positions 376 of the fold thus stabilizing amino acids essential for the function [33, 56, 58] .
377
The catalytic core is at the crossroads of two dynamic domains that move independently from each 378 other. The region between the C-terminal end of α3 and the N-terminal end of β5 is found to have hinge 379 residues that are important pivots in larger motions of the protein. The pathological Naa10 p.V107F 380 mutation at the N-terminal end of β5 causes a 95% reduction of the catalytic activity compared to Naa10 381 WT [66] . In this study, Popp et al. built a homology model of the mutant V107F and observed a disruption 382 of hydrophobic contacts with the Met98 found on helix α3 of the human Naa10. This correlates with our 383 results and shows that perturbation of the packing density of hinges region affect function through a 384 modification of the intrinsic structural flexibility [67] .
385
The most mobile regions in NATs are the functional loops α1α2, β3β4 and β6β7. Table) . The 394 loop β3β4 is 10 to 15 residues longer in Naa60 than in the other NATs and mutations on key residues 395 disrupt interactions with the β5, β6, and β7 strands, leading to altered catalytic efficiency and protein 396 stability [70] . Finally the β6β7 loop, one of the most flexible loops, contains two tyrosines conserved 397 through most of the NATs, which make hydrogen bonds with the backbone of the first and second amino 398 acids of the substrate [19] .
399
The highly mobile α1α2 and β6β7 loops flank the catalytic core regulating the size of the binding site.
400 Moreover the regions from the N-terminal to α2 and β6-β7 have structural differences among the NATs.
401
The BC score, which quantifies similarities of intrinsic dynamics between the aligned core regions of 402 proteins, highlighted dissimilarities between Naa40, the bacterial RimL and RimJ in one hand, and the rest 403 of the NATs in the other hand; while Naa80 clusters on its own. Interestingly, Naa40, RimL and RimJ have 404 longer α1 and α2 helices and a longer α1α2 loop, which results in slight changes of the active site shape. As 405 far as we are aware of, Naa40 is the only known NAT with a different position of the substrate in the active 406 site. As shown in Magin et al., all the substrates in other structures have their 2 nd and 3 rd residues sitting 407 close to the α1 and α2 helices, while the α2 helix in Naa40 obstructs this region shifting the substrate 408 towards the β5 and β7 strands [47] . The bacterial RimL is only active as a homodimer unlike the other 409 NATs, which tend to be active as monomers complexed with auxiliary subunits forming heterodimers or 410 heterotrimers (S2 Table) . The β6β7 loop is part of the RimL dimerization interface. Helix α2 is tilted away 411 from β4 yielding a larger mouth of the cavity compared to the other NATs. The longer elements in Naa40,  412 RimJ and RimL thus illustrate how secondary structure elements lining the binding site affect its size, 413 shape, and accessibility. In the case of Naa80, the opening to the binding site is wider than in other NATs 414 and this is thought to play a role in its specificity for the acidic actin N-termini [48] .
415
The collective motions known to support function have been shown to be well described by the lowest 416 energy modes [63, 71] . Those modes in NATs contain large movements of the β6β7 hairpin loop with hinges 
427
Taken together, we propose that the dynamics of the two domains and the high mobility of the β6β7 428 loop give the ligand binding site a flexibility that is important for its selectivity. For the first time, we 429 suggest a possible conformational change that would explain how the long bisubstrates are able to bind both 430 the Ac-CoA and peptide substrate binding sites. Our calculations show that hinges of these movements are 431 located at V131 and A145 in Naa10 (PDB ID: 4KVM). Further, this loop represents a striking structural 432 difference between NATs and KATs and is hypothesized to prevent the entrance of internal lysines in the 433 active site [15, 47, 75] . Our calculations show that fairly small displacements of the β6β7 loop as a rigid 434 entity modify the accessibility to the active site and the Ac-CoA. β-hairpin loops are known to have a strong 435 hydrophobic core and interstrand interactions keeping them compact and the turn stable [76] . The human 436 Naa10 has been shown to acetylate internal lysines of various proteins [24, 26, 27, 77] and the auto-437 acetylation on its K136 found on the β6β7 loop could be the reason of its shift of substrate specificity 438 towards internal lysine [78] . Acetylation of unexpected substrates might be enabled by an increased 439 mobility of loop β6β7 triggered by either a particular substrate or experimental conditions.
440
The importance of the dynamics-function relationship of the GNAT fold in the NATs is undeniable.
441 Our work fills a gap in the understanding of the versatility and broad substrate specificity of the NATs 442 enzymes [4, 19] . Our results are relevant for those seeking to design inhibitors of NATs involved in cancer, 443 Huntington's disease or other pathologies. In addition, we reveal the role played by the flexibility of the (Table 1) . From these we excluded eleven structures for 457 which the X-ray structure had unresolved segments within the GNAT fold (S1 Table) .
458 We formed 10 functional groups: Naa10, Naa20, Naa40, Naa50, Naa60, Naa80, archaeal NATs, RimI, 516 We selected the 6 first non-trivial modes from the set of normal modes of the protein of interest. For each 517 mode, we generated a trajectory consisting of nine snapshots; we displaced the initial Cα positions 518 following the mode and using arbitrary amplitudes in either direction around the X-ray structure (the mode 519 vectors were multiplied by -12, -9, -6, -3, and 3, 6, 9, and 12).
520 We used the Molecular Modelling ToolKit (MMTK, [86] ) to reconstruct the side chains in order to obtain 521 trajectories at all-atom resolution. We calculated the 3D transformation necessary to superimpose the initial 522 all-atom structure onto each of the snapshots of the Cα trajectories. This was done by minimizing the RMS 523 difference between the initial all-atom structure and the Cα trace snapshots. The 3D transformations were 524 not computed on the overall structure but locally using an iterative process. We used sliding windows that 525 were three amino acids long to compute the transformation, which is then applied only to the central amino 526 acid for which the side chain is reconstructed. The process is then iterated by sliding by one residue along 527 the protein sequence.
528
529 Visualisation and calculation of the cavity 530 The analysis was performed using CAVER Analyst [65] . We first selected three Cα atoms from amino acids 531 (Tyr31, 73, and 138) that are lining the mouth of the cavity in the X-ray structure. In 3D space, these three 532 atoms define a parallel plane to the tunnel mouth. Then a set of intersecting spheres, with a radius of 1Å, is 533 placed on a line perpendicular to this plane to fill up the length of 5Å into the cavity. Using this geometrical 534 structure as a base, we computed a cavity surface in each frame using the algorithm described in [65] . We 535 do not use the extension of the algorithm proposed by Jurcik et al. [88] 
